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NATIONALADVISORYC@MCTTEE

VERTICALVELOCITIES

TQLANDING

A photographicmethodemployinga long-focal-length(&O-inch)lens
forobtainingstatisticaldataonverticalvelocitiesof aircrafthued-
iatelypriorto landingcontactdevelopedforusewithland-basedair-
planesisdescribed.Itrequiresno instrumentinstallationontheair-
craftorinterferencewithairportoperationandemploysrelatively
shnpledatareduction.Verticalvelocitiescanbe obtainedby this
methodwithina probablemaxhumerroroftO.31fps.

INTRODUCTION

Oneoftheairplanecmponentswhichrepresentsa considerablepart
ofthegrossandnetpsyloadsof commercialandmilitaryaircraftis the
landinggearanditsrelatedsupportingstructure.Therelativeweight
ofthelandinggearcontinuestobe highbecauseoftheunavailability
ofsuitabledesigndata. Inorderto designthelightestlandinggear
thatwillstillbe commensuratewithadequatesafetyofoperation,suf-
ficientstatisticaldataontypicalaircraftoperationsmustfirstbe
obtained.

Oneoftheprincipaldesignparameterswhichwillgivesuitable
datafordetermininglanding-gearsizeistheverticalvelocityofthe
aircraftat hpact. Inasmuchas onlya limitedquantityofthesedata
hasbeenobtained,theNationalAdviso~CcmmitteeforAeronauticshas
undertakenthemeasurementofverticalvelocitiesona largenumberof
aircraftinnomal commercialoperations.A studyofpreviouslydevel-,
opedtechniquesandinstrumentationforobtainingthesedatawasmade
anditwasfeltthatnonewere quitesuitedtothepresentneeds.Inform-
ation concerningthesemethodsmay be foundinreferences1 to 5. The
equipmentandmethoddescribedhereinwerethendeveloped.Someresults
obtainedwiththisequipmentarepresentedinreference6.

Becauseofthephotographiclimitationsoftheequipment,records
canonlybe takenwhenthehorizontalvisibilityisatleastofthe
orderofl,OCMfeetandwhenthelightissufficienttoproducereatible
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photographicimages.
whentheoperational

Sinking-speed
conditionsare
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data,therefore,canonlybe obtained
withintheseUmits. AlthoughSta-

tisticals-&ldu-speeddataincludingl=US obta~d ~der ~tit,bad-
weather,orb=-~lyin.glandingcon&Ltions%ild be invaluablead~tidnal
information,obtaimingthesedataisnotyetpossiblewiththepresent
method.Inssmuchastheqyantityof statisticaldataof sinkingspeeds
at landingofland-basedaircraftunderw conditionsislimited,itis
feltthat-statisticalsinking-speed
conditionsshouldstillbe useful.

INSTRUMENT

dataobtained

Requirements

undergoodtisibiMty

In orderto carryouttheinvestigationofverticalvelocityat
landAngimpactona lkrgenuniberofaircrsftinnormalcommercialopera-
tions,itwasfeltthataninstrmentthatwouldmeetor closelyapproach
thefollowingrequirementsshouldbe used:

(1) Nomodificationto or
necessary.

(2) Theinstrmentshould
dataeconumicaldy.

ktslktion on

be suitablefor

theaircraftshouldbe

obtainingstatistical

(3) W verticalvelocitiesobtainedshouldbe the
ocitiesatlandingcontact.

(k) Thevefi’icalvelocitiesobtainedshouldhavea
errorofapproximatelyto.25@s.

verticalvel-

maximwnprobable

(5) Theinstrumentshouldbe adaptableforcomercialormilitary
operation.

(6) - instrmentshouldnotinterferewithairportoperation
andshouldpreferablybe capableof operationawayfromactiverusm?a~.
It shouldalsocoverasmuchrunwayaspossiblein orderto obtainthe
maximumnuniberoflandings.

(7) me -t~nt shouldbe rugged,portable,andeasyto operate
andmaintainoverextendedperiods.

(8] Thedatareductionshouldbe simple.

Afterdueconsideration,a photo~ayhicmethodwaschosen.

_.. —— -—..——
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DESCRIPTIONOFAPPARATUS

Altho~ thevariousmethodsalreadyinexistenceweresuitedfor
theirparticularpurposes,itwasfeltthattheydidnotfulfilJthe
requirementsofthepresentproblemas closelyas desired.Therefore,
thephoto~aphicmethoddescribedhereinwasdevelopedtomeetthespec-
ificrequirementspreviouslylisted.Thismethodutilizesa long-focal-
length-lenscamerainstaLLedat a relativelylongdistancefromtherun-
way(750to950feet).Thecsmeratracksthelandingairplaneinazimuth
onlyovera totalrangeof 600aboutitsnormalsettingto therummy.
Thisrangeamountstoabout900feetofrunwaylengthforusualoperating
distancesfromthe~Y ●

Threeviewsoftheapparatusareshowninfigures1, 2,and3. A
35-millimeterMitchell.cam&a,drivenat25frames~ersecopdbya 40+cps
synchronous,three-phase,X20-voltmotor,isattachedto a barrel-mounted,
ko-inch(1-01-centimeter)f/5.6telephotolens.Thecompletecameraunit
restsonthreeadjustingscrewswhichsitonpadEfixedto a rigidplate
whichinturnismouutedon a shaftseth preloadedthrustballbearings.
Thecsmeraisequippedwithaccuratecrosslevelswhichareusednotonly
to levelthecaperabutalsoto righttheshaftaxisto a positionnormal
to theearth’shorizontal.Therightingoftheshaftsxisisaccomplished
by fourjacksqsedatthecprner_sof an 8-fooJ.by lo-foottrailer.Bgcause
theshafthousingandcameraunitarerigidlymountedtothetrailer,

—.-

raisingorloweringthecornerjackseffectivelycontrolstheshaft+xis
position.Useofa trailerasa basemountfacilitatestransportation
to differentlocations,aswelJas operationalflexibili~atanygiven
airportsite.Fortrackingthelandingaircrafta reticletypeof gun-
sightisusedandismountedona T-barabovethelensbarrel.

Azimuthalpositionoflandingaircraftisrecordedbymeansof csm-
operatedmicroswitcheswhichcontrolthreelightssetinthefilmpres-
sureplateanda fourthcam-microswitchunitstartsandstopsthecamera
drivemotoratthestartandfinishof’thecameratraverse.Amanul
switchmaybe usedforstartingandstoppingthecameradrivemotor.

Thepowersupplyconsistsoftwo,6-volt,100-amp-hrstoragebat-
teries,connectedin seriesjwhichformthe12-voltinputto anaircraft-
typeinverterwhichgeneratestheL20-volt,3-phasej400-cyclealter-
natingcurrentnecessaryto drivethecsmeramotor.Allrahmfrequency
meterisinstalledacrossonephaseinordertogivea continualindica-
tionofthefreqpencyoutput,Emda voltmeter,p~ed a~oss thebattev
terminals,indicatesbatteryvoltagelevel.

Thebatteries,aswellas sparebatteries,thevoltmter,inv&ter,
filmdrums,tools,andsoforthareallhousedina weatherproofboxand

—.—. — --- -—- ——
__. —.- —. .——



4

thecamera-plateassembly
weatherproofhousing.
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isalsocovered,whennotinuse,witha metal ,,

Thecsmeranormallytakes200-footreelsoffilmwhich,forthe
lardingspeedsofpresent-daytransportaircraft,makespossiblethe
recordingof20to40 landingsperroll. l@osuresaremadethrougha
WrattenK-1filteronhigh-speedpanchromaticfilm.

\ DESIGNCONSIDERATIONS

Becausea simpledatareductionin obtainingtheaircraftvertical
velocityat contactwasdesiredandthemostdirectmeansappearedtobe
a measurementofthechangeofverticaldisplacementoccurringina given
time,a photographicmethodbasedonthisconsiderationwassought.With
therequirementofanallowablemaximumerrorofto.25fpsinvertical
velocityandtheassumptionofa conservativevalueforverticalaccel-
eration,theheightabovethermwaybeforetouchdownatwhichmeasure-
mentswouldhavetobemadeandthetMe withinwhichmeasurementswould
haveto ccmmenceinorderto determineverticalvelocitiesbeforetouch-
downcouldbe determinedinthefollowingmanner:

l&omthebasicequation

it is seenthat

Vc

a

t

AS= Vct+~at2 (1)

(2)

vertical Misplacementduringt@e t,positivedownsmd,ft

contactverticalvelocity,positivedownwsrd~@s

verticalacceleration,assmnedconstantduringtime t,
positivedownward,ft/sec2

timeintervalinwhich AS occurs,sec

—.——.
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Theverticalaccelerationa isnotdetermined,andthedatareduc-
tionthereforeisbasedon Vc = ~. But,frcmeqwtion(2)theerror

causedby neglectingtheaccelerationis seentobe + at. Foransllowable

~ errorofto.25fps,anaccelerationvaIueofappro-te~ 1/8g or
4.ft/sec2(aconsenativevalueforlargeairplanes)canbeassumed;thenfor

r

anallowableerrorof

It isthenseenthat,
withinto.25fps,the

to.25fps
—

t .9!2.= 0.125sec
42

foran allowablemaximwnerrorinverticalvelocity
measurementofdisplacementmustbemadewithin

approximately0.~5 secondoflandingcontactiftheaccelerationisto
be neglected.As anexample,assm airplaneverticalvelocitiesof2 fps
and10fps,andconsiderthet- beforelandingcontactas0.125second;
then S,themaximumdisplacementabovetherummy atwhichmeasurement
maybe started,is

S=2fpsx 0.125sec=0.2~ft=3in.

3 =lOfpsx O.125sec=1.25ft=15 in.

Ifalltheerrorinverticalvelocityof~0.25fpsisassumedtobe
introducedby themeasurement of AS,thenatanyverticalvelocity,the
tolerableerrorin AS wouldbe0.375”inch,as csnbe seenby thefol-
lowingillustrations:

At a verticalvelocityof2 fps,thepercenterroris

0.25fPS
2 fps

x 100= 12*percent

Sincemeasurementisstartedat3 inchesabovetherunway,theerrorin
measurementmustbe @percent of3 inchesor0.375inch.

At a verticalvelocityof10 fps,thepercenterroris
.

0.25fps
x 100= 2.5percent

10fps

_—.—.— ._.._— ——— ~
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Sincemeasurementisstartedat15inchesabovetherummy,theerrorin
measurementis2.5percentof15inchesor0.375inch. ThetotalalJmw-
ableerrorofthetwopositionmeasurementsmadeindeterminingAS must
thereforebe lessthan*O.375inch.

Inbrief,by takingmeasurementsof 4S within0.125secondof
landing-geartouchdownandtowithinan accuracyof~0.375inch,verti-
calvelocities,withairplaneaccelerationsneglected,maybe calculated
towithina probableerroroftO.25fps. Theerrorinthetimemeasure-
mentof0.125secondshouldbe smallenoughsothatitscontributionto
total-velocityerrorwillbe small.ltromwhathasalreadybeencalcu-
lated,itappearsthatanerrorof*1 percentinthetm titi~ wofld
be satisfactory.

SinceM mustbemeasuredtowithin~O.375inchfortwoposition
measurementsorwithinappro~tely @.188 inchforeachmeasurement,a
suitablemagnificationfactor(hage-objectratio)canbe chosen.Since
filmcanbe readtoM.001 inchorless,a magnificationfactorof about
l:2C0or1:250wouldappeartobe reasonable.A choiceoflensfocsJ-
lengthcannowbemade. Tnasmuchas severslgood-quality40-inchtele-
photolenseswereavailable,theirdepthsoffieldwerecalculatedbased
ona circleofconfusionof0.002inch.Rcomthecalculateddepthof
fieldanda rangeof800feetbasedontheindicatedmagnificationfac-
tors,a runwaylengthofabout900feetcouldbe covered.Mrger focal
lengthswoulds.KLowgreateroperatingdistancesfromthe~y and
smallerfocallengthswouldmeanoperatingcloserto the~Y* ~s-
muchasuseofa 40-inchlenswouldgiveoperatingrangesandrunway
coverageoftheproperorderofmagnitudeandone%s readilyavailable,
itschoiceseemedlogical.Calculationsto determinethefilm-frame
sizeshowedthata 35-milMmetercsmerawouldgivecoverageforallthe
verticalvelocitiesnormallyencounteredata 1:200to1:250orgreater
magnificationfactorwithsufficientleewayforfaultyairplanetradcing.

ltrameandshutterspeedsarenextconsidered.FYsmespeedispartly
determinedby exposurerequirementsandpartlyby thenumberofframes
necessarytobe readwithinappro-tely 0.125second- thetimerequire-
mentnecessaryto eliminatetheaccelerationterm.At leasttwoframes
wouldhavetobe read,buta 3-orh-frsmeintervalwouldresultin
increasedaccuracy.With0.125secondforfourframes(a3-frameinterval),
24frames-persecondwouldresult.BecausetheMitchellcamera,which
wasavailable,couldbe readilyadaptedtoframespeedsofthisorderand
thefilmfootageperlandingwouldnotbe excessive,thisfrsmespeed
appearedsuitable.Deterndnationcannowbemadeofa propershutter
speed.

h ordertorealizethedesiredaccuracyinreadingthefilm,the
shuttermusteffectivelystoptheairplaneimagemotion.At thesame
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timetheshutter
exposure.Tests

speedmustbe
showedthata

7

limitedinordertoobtaina satisfactory
l/600-secondfocal-planeshutterwould

giveexcellentresultswithreg~d to stoppingai@ane motionand—
obtainingsufficientexposure.A l/1200-secondshutter,thoughincreas~
.runwaysharpness.andaccuracyoftimedetermination,offeredlittleadvan-
tageoverthel/600-secondshutterbecauseitreducedexposure.Shutter
speedsunder1/600secondproducedbluranddecreasedthet~-factor
accuracy.

Iftheairplanewheelappearsattheoppositeextr~ edgesofthe
filmframes,anerrorof~1/600secondintimewouldresultwithuseof
thel/6oo-secondshutter.Sincethewheelme mustappearinsidethe
frameandnotattheextremesinordertobe read,theerrorwouldonly
be approdmately~0.001second.Time-interval
tobemadetowithintlpercenttonullifythe
inverticalvelocity.Byuseofa synchronous
quencymeterwhichisaccurateto~0.~percent
nomallyencountered,thetimeintervalcanbe
imatelytO.5percent.

measurementswilJhave
effectonprobableerror
motoranda Frahmfre-
overthetemperatureranges
determinedtowithinapprox-

Fortrackingtheairplane,anopticalsightgivinga widefieldof
viewwitha cross-hairreticlefor@npointingthelandinggearappeared
tobe required.A s@le opticalgunsightequippedwitha cross-hair
reticleprovedmostsatisfactory.Also,inasnnmhasthecamerawould
trackinazimuthonly,thecamerashaftwouldhavetobe accurately
rightednormalto theearthtshorizontal;provisionforlevelingthe
camerawouldbe necessary;andthecamerashaftwouldhavetorotatein
bearingswithlittleornoplay.

Forthelevelingrequirements,ifanairplanehorizon~ landing
speedof120fpsandanaccuracyofverticalvelocityof1/4fpsorless
areassumed,levelingwouldhavetobebetterthan1/4partin120or
1:480.However,theairplane-wheeltige couldappearateithersideof
thefilnframesothattheairplanewouldappeartohavea verticalvel-
ocitymerelybecausethereferencelinewastiltedfromthehorizontal.
Sincethefilm-frsmewidthisapproximately1 inch,a referenceline
cantedasmuchas 0.001inchwouldgiveanerroreqyalto about1/4fpsat
themost. Thefilm-frsmereferencelinewouldthereforehavetobe
leveledto at least1 partin1,000.Thelevelingofthefilm-frame
referencelinethusdeterminesthelevelingrequirementofthewhole
system,and,afterallowanceshavebeenmadefortrailersettling,possi-
bleshiftingdueto operatormovement,andothercauses,levelingto
1 partin4,000orbetterallowsa reasonablesafetyfactorwithdecreased
probableerrorfromthelevelingsource.

At operatingrangesof750feetto950feet,airrefraction(atmos-
phericslxbmuer)mightcauseapparentdisplacementeffectswhichwould
leadtoerrorsinvertical-velocitycalculations.

—.—.—— ——-—————-—— –- —__ .— .—_____ —.—- --
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SinceitisnecessarytoImowwhichwheeltouchesfirst,both“wheels
mustbe keptinthefilmframewhiletracking.At lsrgecamera--s
anglesfromthenormaltotherunway,thisbecomesdifficultbecauseof
theobliquespreadofthewheels.Forthisreasonandin orderto keep
thedepthoffieldwithina circleof confusionof 0.002inch,angular
limitsfromthenormaltotherunwayweresetat*30°. At a normaldis-
tanceof800feetfromthecenterlineoftherunwaythisrangegivesa
coverageof920feetof

Becausethecsmera
a pathperpenMcularto
airplanetouchdownwill

~ Ie-=

sweepsa circulararcandtheaircrafttraverses
thenormallinefrmnthecaneratotherunway,
occuratdifferentdistancesfrmnthecameraand

differentfilmmagnificationswilLresult.Thismagnificationandrange
canbe accountedforto‘~percentona well-definedfilmhage - the
~ication factorbe~ obtainedby US= a @own dimensiononthe
airplane,suchasthewheelhub,andmeasuringthehubimageonthefilm.
Whenthisprocedureisnotfeasiblej theanglebetweenthepointoftouch-
downandthecameranormalasmeasuredfromthecameraandthenormal.
distancetothecenterofrunwaywouldgivetherange,providedtheair-
craftlandedalongtherunwaycenterline. Themagnificationfactorwould
be obtainedbytheuseofthefocallengthofthe.lenpandthecalculated
range.Landingdeviationsfromthecenterlinewouldgiveerrorswhich
wouldnormallynotexceed13percentofthecontactverticalvelocity.

I!ecausetheopticalaxisisuuallyaboveorbelowthepointonthe
airplanetowhichmeasurementsarebeingmade,a correctiontomeasured
verticalvelocityisnecessary.Theeffectofthisaxisdeviation,
dependingonwhethertheairplaneisapproachingthenormalordeparting
fromitatttmeoftouchdownandwhetherthepointontheairplaneto
whichmeasurementsarebeingmadeisaboveorbelowtheoptical-s, is
anapparenterrorinverticaldisplacementandthusinverticalvelocity.

DATAREDUCTION

Theoreticalconsiderations.- Bymeansoffigure4 andthederivation
whichfollows,thecorrectionsto.measuredvertical.velocitycausedbythe
factthattheoptical@s isaboveorbelowthepointontheairplaneto
whichmeasurementsarebeingmadeareshowntobe dependentonlyonthefol-
lowing: airplanehorizontalvelocity@st priortotouchdown,theverti-
caldistancebetweentheopticalaxisandthepointontheairplaneto
whichmeasurementsarebeingqade,andthesineoftheangulardeviation
oftouchdownpositionfromthe”normaltothe~Y ●

.- ——..——.
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Fromtheplanviewinfigure4,

X=(R+r)sine

and

(R+r)2=X2+R2

Therefore,

!qR+r)=x!2$
dt

!Z=s~eQE
dt dt

I?Fomthesideelevationin

Therefore,

(R+ r)

Substitutingthevalueof
yields

dh—=
dt

figure4,

_=R+rr
h H

(3)

(4)

(5)

dh ‘(H-h)—=—
dt dt

dr (R+r)dh/dt—=
dt H-h (6)

dr/dtfromequation(6)intoequation(7)

V=(H- h)sine
(7)

L

— —-.——— .—— .. . ..—.—. -—— —.-—
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where

R

e

x

r

H

h

VH

L

ah
z

H -h

(H- h)l

normaldistanceto centerline

angleof deviationofairplane
to runwayfromcsmera,deg

distanceofpointoftouchdown

NACATN3050

ofrunway,ft

touchdownpositionfrm normal

frcmnormal,ft

differenceinrangefromnormaltoactualtouchdown,ft

heightofoptical-s aboverunway,ft

a~arentaltitudeofairplanewheelabove~y dueto
ramgedifferencefromnormal,

horizontalvelocityofairplane
M/at,

rangeof

errorb

distance

fps

airplaneattouchdown,

verticalvelocity,fps

ft

justpriorto touchdown,

R+r,ft

betweenopticalaxisandpointonairplanetowhich
measurementsaremade,ft

distanceonfilmbetweenoptical.axistopointon airplane
towhichmeasummentsaremade,in.

Sincethefilmisusedformakingmeasurements,equation(7)in
termsoffilmvaluesbecomes

ah—=
d-t

VH(H- h)lSiIl6 (8)
Focsllength

l?romequation(8),it is seenthatsmg@.ardeviationsfromno-
positionmustbe known.A binarylight-codesystememployingthree
lights,placedinthefilmpressureplate,andthreecamsoperatingthe
lightswitcheswereinstalledto giveangularcodingfortheentire~30°
with5° codedrangeintervals.However,by interpolation,thisangle
canbe determinedtowithin~2°orless.

Fromthegeometryshowninfigure4, astheaircraftapproachesthe
normal,ifthepointtowhichmeasurementsaremadeisbelowtheoptical
sM.s,thecorrectioninverticalvelocityis subtracted;ifabove,added.



AE theaircraftdepartsfromthenormal,ifthepointisbelowtheopti-
calaxis,thecorrectionis added;if above,subtracted.Figure5 is a
graphgivingthecorrectionvaluestobe appliedtothevertical.velocity
fordifferentanglesfrm thenormalattouchdownandfordifferent
productsofhorizontalvelocityandthele@h~ ~aswed onthefilm,
fromtheopticalcentertothepointontheairplanetowhichmeasure-
mentsarebeingmade.

Procedure.- Thedata-reductionprocedureisasfollows:

(1) Thefilmrecordsareexaminedandthepointoftouchduwn,which
isfoundby locatingthe,framewheretiresmokingbeginsor,ifno smoke
isvisible,wheretireflatteningis incipient,ismarked(seefig.6);
thefirstandfifthframespreviousto touchdownarealsomarkedonthe
filmforeachlanding.Whenthefilmrecordsarebeingtaken,data
sheetsgivingthefollowinginformationarekept: landingnuriber,time,
date,airplanetype,airline,firstwheeltotouch,inverter-frequency
reading,winddirection,windvelocity,temperature,andweathercon@i-
tion. Itwillbe notedthata k-frsmeintervalisreadinsteadof a
3-frameinterval.~s 4-frsmeintervaloccursin0.16secondinstead
of0.125secondandthelongertimeispermissibleinviewofthefact
thattheaircraftaccelerationsencounteredareactuallylowerthanthose
assumedindetermmngthenwcbnumreadingtimeforeliminatingthe
accelerationterm.

(2) Theangleatwhichtouchdownoccurred,beforeorafterthe
normalposition,isobtainedfromthelight-spotcoderecordedonthe
filmtowithin*l”or*2°by interpolation.

(3) me mq@ficationfactor,necessaryforcomputingvertical
velocities,maybe obtainedfromtheratiooftheknownairplanewheel-
rtidiametertothatofthewheel-rimdismetermeasuredonthefilm.
Thisratiowillalsogiveraugeattouchdown.Fordecreaseddata-reduction
effort,however,at slightincreaseinprobableerror,themagnification
factormaybe derivedbyusingthetistancetotherunwaycenterline,as
obtainedby a transitsurvey,dividedby thecosineoftheangulardevia-
tionfromnormalattouchdown.

(4) Theheightofa ftiedpoint(usuallythewheelrimorthetire
rim)ontheaircraftfromthefilmreferencedatumisreadforthefirst
andfifthfilmfrsmesbeforetouchdownforeachwheel.Thedifferencein
heightabovethereferencebetweenfrsmes1 and5 nmiltipliedbythe~-
nificationfactorgivestheuncorrectedverticaldisplacementoccurring
ina4-frsmeinterval.w dividingtheverticaldisplacementby thethe
intervalforfourfrsmes,aftercorrectingthetimeintervalforinverter-
frequencyvariationsfrom402cps,theuncorrectedverticalvelocityis
obtained.

—— _- ——— —..-.——_
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(5) w correCti~dueto angulardeviationatpointoftouchdbwn
fromnormalandtheheightofthecsmeraaxisaboveorbelowthepoint
on thea-he towhichmeasurementswe beingmadeismadeby usingfig-
ure5. Theairplanehorizontalvelocities,requiyedmaybe computedfromthe
fti, oraveragevaluesforhorizontalvelocitiesofthevariousaircraft
maybe usedwithinsignificanterror.

(6) Theverticalvelocityofthecenterofgravityoftheairplane
canbe appro-ted by takingtheaverageoftheverticalvelocitiesof
therightandleftwheelsinmediatel.ybeforethefirstwheelmakescon-
tactwiththerunway.Thisproced~eassumesnegligiblepitchingofthe
airplane.

IIUKZSION

ErrorsmayresultfromthefolJmwing:

(1) Neglectingtheaccelerationterminthedisplacementequation.
Errorsashighasto.25fpsmayresult.

(2) Measurementerrorsonthefihn. Distanceswe measuredonthe
filmtowithiniO.001inch.Witha magnificationfactorof1:250(equiv-
alentto a rangeslightlyover800feet],an errorashighasti.25fps
mayresult.Sincetwoposition(frame)measurementsaremade,this
errormustbe accountedfortwice.

(3)Determinationofrangeattouchdown.Iftherangeisdeter-
minedbymeasurementofthemagnificationfromlmownairplanedimensions,
it canbe obtainedtowithin*1percent.Basedona verticalvelocity
of10 fps,thiserrorinrangewouldmeananerrorof~0.1 fpsinver-
ticalvelocity.Iftherangeis bbtainedby useofthenormaldistance
tothecenterlinedividedby thecosineoftheangulardeviationfrom
normalattouchdown,errorsashighas5 percentoftheverticalvelocity
mayoccurforaircraftthatmaybe asmuchas40feetawayfromthecen-
terlineoftherunway.

(4) Useofa focal-planeshutter.Theuseofthefocal-planeshutter
operatimgatl/600-secondexposuremaycauseanerrorofiO.001second,
aswaspreviouslyexplained.~s errorisequivtienttofo.6percent
ina ttmeof0.16secondandsmountstotO.06fpsin10fps.

(5) Airrefractionor shimmer.Thisfactorproducednoreadable
erroronthefilmfortheweatherconditionswhichexistedatthetime
thetestsweremadeto evaluatethiseffect.Thetestsweremde during
a timewhenrathersevereturbulenteffectswereapparent.

.
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(6)Biaxiallevelingofthecsmerasmdrightingoftheshaft*s.
Thehighqualityoflevelingprecisionandtheabilityoftheunitto
maintaina levelconditionunderfieldwe makesthissourceoferror
insignificant. Forrightingtheshaftaxisa levelindicating1 lax%
in28,0cQperdivisionisused. Thecameracrosslevelis accurateto
closeto1 partin2,000perdivision.

(7) Fi~ smae sndexpansion.Theseeffectsarecausedby
temperature,hmidity,andprocess~ changesandtheerrorsareofthe
orderoftl/2percent.I!asedon a verticalvelociwof10fps,this
errorwouldamounttotO.@ fps,whichisnegligible.

(8) shutterthing. A periodofatleastfivefiJmframes(O.2sec-
ond)elapsesbeforethecsmeradriveisup tounifomspeedfromthetime
thecamerabeginsto operate.Tbissourceoferroriseliminatedby ccnn-
mencingcsmeraoperationandtrackingsufficientlyearlysothatthe
csmeraisup touniformspeedbeforetouchdownoccurs.Iftouchdown
shouldoccurbeforethecameraisup tounifomsyeed,the:recordobtained
shouldbe discarded.Thefrequencymeterusedfordeterminingtruef%ame
speedisaccuratetoM. 5 percentovernormaloperatingtemperatures.
Thetti intervalM 0.160secondmaythereforebe inerrorby ~0.5percent
whichamountstotO.05fpS in 10 f@.

Ey consider~themaximmnerrorswhichmay
sources,theprobablemsxhm.merror,ifmeasured
is

occur duetotheabove
_ficati0nf3 areused,

(0.6750.252+0.252+0.252+ 0.12+ 0.062+ 0.052+

Iftherangeinitem(3)isdeterminedby using
and thedeviati&angle,
stitutingthiserrorfor

0.05)
21/2

= 0.31fps

thenomal distance
t~ -probableerrorshuld~e determinedby sti-
the valuepreviouslyusedintheeqpation.

DISCUSSION

Theinstrumentcanbe setup andmadereadyforoperationwithin
1 hour. If thetrailerremainsin positionj theinstrumentcanbe made
readyforsubsequentoperationswithin10minutes.Thistimeincludes
thatnecessarytomakelevelingchecksandndnorlevelingadjustments.
Theinstrumentoperationdoesnotinterferewith*craft or airport
operationandreqtiesno installationofequipmentontheaircraft.
Thepilotisalsounawarethatpictureswe beingtakenbecauseofthe
largeoperatingdistancefromtherun~. Wherea~ort conditionsoffer
veryrestrictedinstrumentlocationsandtrailermpvementisdisco~aged,
stir fixedunitsmaybe installedwithlessobjection.

_—. —_ —.—— —.— —— .- .—.. —— - —-——
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Althoughverygoodfilmrecordshavebeentakenondull.cloudydays
andalthoughrecordsofnonvisualapproachlandingsmaybe obtainedwhen
lowverticalce~s exist,thismethodisessentiallyusefulfor
obtainingvisual-approachlandingdata.OccasionaUylandingsMy occur
outsideofthecamera-runwaycoverage(shortorlonglandings).Photo-
~aphiclimitations,however,causethelossoftheselandings.In
practice,theselosseswerefoundtoamountto approximately5 percent.

A typicallandingrecord(fig.7) showsthattheaccelerationvalues
aresmall.Also,fromthesamefigure,it canbe seenthatlittleerror
wouldbemadeinvertical-velocitydeterminationiftouchdownwasdeter-
minedincorrectlyby oneortwofilmframes.Figme 8,whichisthe
vertical-nlocitycurveobtainedby differentiatingthevertical-displace-
mentcurveoffigure7, showsthata 1- or2-frsmeerrorindetermining
touchdownwouldaffecttheverticalvelocitynegligibly.From0.16second
to O secondbeforetouchdown,theaccelerationequalsO.lgorless;
whereas,at0.25secondormorebeforetouchdown,theaccelerationequals

ro~y l/6g. Sincethislandingisa typicalone,theassumedvalues
chosenfortheevaluationofaccelerationerrorsappeartobe ofthe
properorderofmagnitude.

Thedatareductionwasfoundtobe uncomplicatedandrelativelyfast.
Thefilmreadingtimeperlandingforobtainingverticsllvelocitywas
5 mimrtesorless.

Verticsl-velocitymeasurementscanbemadewithina probableerror
oftO.31fps,anditwasfoundthata largenumberoflandingscouldbe
recordedqticklyandeconomically.

Sincevertical.velocitiesaremeasuredfroma horizontaldatum,
landing-gearloadsduetopossibleruuwayinclinationsarenotevaluated.
Additionalinformationsuchasrollattitudeangle,ro- velocitY~
andhorizontalvelocitiesimmediatelypriortotouchdowncanbe readily
obtainedfranthefilmrecords.

CONCLUDINGFUiWRKS

A photographicmethodemployinga long-focal-length(kO-inch)lens
forobtainingstatisticaltitsonverticalvelocitiesofaircraftimmeM-
atelypriorto landingcontactwasdevelopedforusewithland-based
airplanes.Theuseofthemethodandequipmentseemsfeasibleandprac-
tical. Lsrgenumbersofland5ngscanbe recordedinrelativelyshort
periodsanddatacanbe obtainedeasilyandeconomically.Theaccuracy
ofthevertical-velocitymeasurementiswithintO.31fps.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,September4, 1953.
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